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1
LENSLESS IMAGING DEVICE

RELATED APPLICATIONS

This application 1s a continuation application of U.S.
application Ser. No. 16/338,687, filed Apr. 1, 2019, which 1s

a U.S. national stage application of PCT International Appli-
cation No. PCT/US17/54728, filed Oct. 2, 2017, which

claims the benefit of U.S. Provisional Application No.
62/402,579 filed on Sep. 30, 2016, entitled LENSLESS

IMAGING DEVICE, which are each incorporated herein by
reference.

GOVERNMENT INTEREST

This 1nvention was made with government support under
1533611 awarded by the National Science Foundation. The
government has certain rights in the invention.

BACKGROUND

Imaging devices, such as digital cameras or color cam-
eras, can be used to capture 1mages. The 1images can be still
photographs or moving 1mages, such as videos or movies.
The 1maging devices can operate using light within the
visible spectrum or with other portions of the electromag-
netic spectrum. Such imaging devices can use an 1mage
sensor to capture light and convert an optical image into an
clectronic signal that can then be stored or otherwise trans-
mitted to construct an electronic 1mage. Examples of image
sensors can include charge-coupled devices (CCD) image
sensors or complementary metal-oxide-semiconductor
(CMOS) mmage sensors. Despite incredible advances in
digital image sensors, imaging devices still rely on lenses to
focus light onto the imaging sensor which adds expense and
increases complexity of imaging systems.

SUMMARY

A method for imaging an object can include exposing an
image sensor to light from an object. The light can be
exposed onto the image sensor without passing the light
through an 1mage modification element. For example, the
light may not be passed through a lens. The 1image sensor can
typically be a complementary metal-oxide-semiconductor
(CMOS). The image modification element may be a lens, an
aperture, arrays of lenses or apertures, or the like but does
not include dust covers, non-focusing layers or the like. In
some cases, there are no physical elements between the
image sensor and the mmaged object. Dust particles,
scratches, metal lines, 1mperiections, etc. on the image
sensor 1tself can be advantageously used for computational
imaging and accommodated in the present mvention. Light
intensity of the light detected at the image sensor can be
stored as 1mage data mn a medium. The medium can be a
computer usable storage medium and can be either volatile
or non-volatile memory.

The 1mage data can be reconstructed at a processor as a
reconstructed 1mage of the object. The reconstructed 1image
can be an 1mage, which 1s a representation of the image,
which 1s suitable for human viewing as a reproduction of the
imaged object. The reconstructed image may be described as
an 1mage in focus. Alternatively, the reconstructed image
can be a selected pattern which is recognized from the raw
image data via processing as described in more detail.

The 1maging system can comprise an 1mage sensor con-
figured to be exposed to light from an object without passing
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the light through an overt image modification element. The
imaging system can further comprise a medium configured
to store light intensity patterns of the light as data. The
imaging system can further comprise a processor configured
to reconstruct the data at a processor as a reconstructed
image ol the object based on a reconstruction evaluation of
the data combined with a space-variant point-spread func-
tion, and process the reconstructed image at the processor
with binary thresholding to form an 1mage of the object. The
processor and medium can be physically coupled or con-
nected to the image sensor or can be remotely located to the
image sensor. The processor and medium can be wired or
wirelessly connected to the image sensor. The image sensor
can be covered with a coating to physically protect the image
sensor where the coating 1s transparent to the light that the
image sensor 1s exposed to.

BRIEF DESCRIPTION OF THE DRAWINGS

Features and advantages of the invention will be apparent
from the detailed description which follows, taken in con-
junction with the accompanying drawings, which together
illustrate, by way of example, features of the mvention; and,
wherein:

FIG. 1A illustrates a setup of an image sensor and an
object, 1n accordance with examples of the present disclo-
SUre;

FIG. 1B 1illustrates a setup of an image sensor and an
object used to generated a reconstructed 1mage, 1 accor-
dance with examples of the present disclosure;

FIG. 2 1llustrates a calibration of sensor images in accor-
dance with examples of the present disclosure;

FIG. 3 illustrates a chart depicting images of additional
objects 1n accordance with examples of the present disclo-
Sure;

FIG. 4 1illustrates reconstructions of images at various
distances 1n accordance with examples of the present dis-
closure;

FIG. 5 illustrates line test results in accordance with
examples of the present disclosure;

FIG. 6 1illustrates a singular-value-decay plot of the cali-
bration matrix in accordance with examples of the present
disclosure;

FIG. 7 illustrates coeflicient maps with the correlation
matrix 1n accordance with examples of the present disclo-
sure;

FIG. 8 1llustrates calibration images in accordance with
examples of the present disclosure; and

FIG. 9 1llustrates a block diagram of an example computer
system with an 1image sensor, 1n accordance with examples
of the present disclosure.

Retference will now be made to the exemplary embodi-
ments illustrated, and specific language will be used herein
to describe the same. It will nevertheless be understood that
no limitation of the scope of the invention 1s thereby
intended.

DETAILED DESCRIPTION OF EXAMPL.
EMBODIMENTS

(L]

In describing and claiming the present invention, the
following terminology will be used.
The singular forms *““a,” “an,” and “the” include plural
referents unless the context clearly dictates otherwise. Thus,
for example, reference to “a pixel” includes reference to one
or more of such features and reference to “directing” refers

to one or more such steps.
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As used herein, the term “about” 1s used to provide
flexibility and imprecision associated with a given term,
metric or value. The degree of flexibility for a particular
variable can be readily determined by one skilled 1n the art.
However, unless otherwise enunciated, the term “about”
generally connotes flexibility of less than 3%, and most
often less than 1%, and 1n some cases less than 0.01%.

As used herein with respect to an identified property or
circumstance, “substantially” refers to a degree of deviation
that 1s sutliciently small so as to not measurably detract from
the 1identified property or circumstance. The exact degree of
deviation allowable may 1n some cases depend on the
specific context.

As used herein, “adjacent” refers to the proximity of two
structures or elements. Particularly, elements that are 1den-
tified as being “adjacent” may be either abutting or con-
nected. Such elements may also be near or close to each
other without necessarily contacting each other. The exact
degree of proximity may in some cases depend on the
specific context.

As used herein, a plurality of items, structural elements,
compositional elements, and/or materials may be presented
in a common list for convenience. However, these lists
should be construed as though each member of the list 1s
individually identified as a separate and unique member.
Thus, no individual member of such list should be construed
as a de Tacto equivalent of any other member of the same list
solely based on their presentation in a common group
without indications to the contrary.

As used herein, the term “at least one of” 1s intended to
be synonymous with “one or more of” For example, “at least
one of A, B and C” explicitly includes only A, only B, only
C, and combinations of each.

Concentrations, amounts, and other numerical data may
be presented herein in a range format. It 1s to be understood
that such range format i1s used merely for convenience and
brevity and should be interpreted tlexibly to include not only
the numerical values explicitly recited as the limits of the
range, but also to include all the individual numerical values
or sub-ranges encompassed within that range as 1f each
numerical value and sub-range 1s explicitly recited. For
example, a numerical range of about 1 to about 4.5 should
be iterpreted to include not only the explicitly recited limits
of 1 to about 4.5, but also to include individual numerals
such as 2, 3, 4, and sub-ranges such as 1 to 3, 2 to 4, etc. The
same principle applies to ranges reciting only one numerical
value, such as “less than about 4.5,” which should be
interpreted to include all of the above-recited values and
ranges. Further, such an interpretation should apply regard-
less of the breadth of the range or the characteristic being
described.

Any steps recited in any method or process claims may be
executed 1n any order and are not limited to the order
presented in the claims. Means-plus-function or step-plus-
function limitations will only be employed where for a
specific claim limitation all of the following conditions are
present 1n that limitation: a) “means for” or “step for” 1s
expressly recited; and b) a corresponding function 1s
expressly recited. The structure, matenal or acts that support
the means-plus function are expressly recited 1n the descrip-
tion herein. Accordingly, the scope of the mvention should
be determined solely by the appended claims and their legal
equivalents, rather than by the descriptions and examples
given herein.

Lensless Imaging Devices

Methods and systems are disclosed for imaging with an
imaging sensor without passing the light through an image
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modification element. This can be used 1n new form factors
for cameras. For example, the present technology can be
described as a lensless imaging device that does not use a
lens or other image modification element to focus the light
exposed onto the imaging sensor. The imaging sensor can be
a complementary metal-oxide-semiconductor (CMOS),

semiconductor charge coupled device (CCD), n-type metal
oxide semiconductor (NMOS), flat panel detectors, sSCMOS,
em(CCD, CIS, back-side i1lluminated sensors, organic sen-
sors, quantum-dot based sensors, any pixel-based image
recording device, or other imaging sensor. In one example,
the present technology relies on the space variant point-
spread functions resulting from the interaction of a point
source 1n the field of view of the image sensor. These
space-variant point-spread functions are combined with a
reconstruction evaluation 1n order to 1mage simple objects
displayed on a discrete light emitting diode (LED) array. In
one example, the approach 1s extended to video imaging at
the native frame rate of the image sensor. In another
example, experiments to analyze the parametric impact of
the object distance were performed.

In one example, the 1mage sensor or 1maging sensor 1s
exposed to light without passing the light through an image
modification element. The excluded image modification
clement may be described as a lens, an aperture, a diffractive
grating, a mask, a filter, or another element designed to filter,
focus, or otherwise adjust, the focal point of light on the
image sensor. In one example, the 1mage sensor can be
covered with a transparent layer that 1s designed to protect
the 1image sensor from weather, moisture, dust, dirt, debris,
physical contact with other objects, etc. The transparent
layer may also be described as a coating, cover glass, or a
dust cover. In some cases, a transparent passivation layer can
also be included. The optional passivation layer can be any
coating material which reduces oxidation, corrosion or
chemical degradation of the underlying sensor. While these
transparent layers are transparent to the light that the image
sensor 1s exposed to, the transparent layer does not act on the
light as a lens to filter, focus, or adjust the focal point of the
light such that 1t 1s not an 1mage modification element. The
transparent layer also does not act on the light as an aperture
in the way the aperture of a pin hole camera focuses the
light. The present technology can be employed to build a
camera without 1image modification elements that may be
described as a lensless camera or lensless 1imaging device.
The lensless camera can be lighter, cheaper, and smaller than
a camera with image modification elements.

The optical systems of cameras 1n devices such as mobile
devices typically constrain the overall thickness of the
devices. By eliminating the image modification elements or
the optics, 1t 1s possible to create ultra-thin cameras with
interesting new form factors. In some examples, computa-
tional photography has eliminated the need for lenses by
utilizing apertures 1n front of the image sensor or via
coherent illumination of the sample. In the former case,
although apertures have replaced the lenses, the thickness of
the camera has not been reduced. The apertures create
shadow patterns on the sensor that can be computationally
recovered by solving a linear mverse problem. The latter
case uses coherent 1llumination, which 1s not applicable to
general photography. Another computational camera utilizes
a microlens array to form a large number of partial images
of the scene, which 1s then numerically combined to form a
single 1mage with computational refocusing. The present
technology includes a computational camera that 1s com-
prised of only the image sensor and no other optical ele-
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ments which form or focus an i1mage onto the sensor,
although scatterers can optionally be used to enhance image
reconstruction efficiency.

The present technology 1s based upon the recognition that
all cameras essentially rely on the fact that the information
about the object enters the aperture of the lens, the coded
aperture or micro-lens array, and 1s recorded by the image
sensor. In the case of the coded aperture and the microlens
array, numerical processing 1s performed to represent the
image for human consumption. If all optical elements are
eliminated, the information from the object 1s still recorded
by the 1mage sensor. The present technology has developed
reconstruction evaluations applied to the 1image recorded by
the sensor that 1s employed to recover the image for human
consumption.

In one example, the 1mage sensor, the reconstruction
evaluation, and the binary thresholding can make use of one
hundred percent of the photons exposed to the 1image sensor
for the reconstructed 1mage. The present technology does
not require a light source such as a flash or a special light
source to capture or generate data at the 1mage sensor.

For example, the image data can be reconstructed based
on a reconstruction evaluation of the image data combined
with a space-variant point-spread function. The recon-
structed 1mage can optionally be processed at the processor
with binary thresholding to form an 1image of the object. The
1image can be a still image or a video. The 1mage may also
be two-dimensional or three-dimensional. In one specific
example, the reconstruction can be accomplished using a
space-variant point-spread function. For example, in prac-
tfice, image sensors are equipped with a transparent protec-
tive glass cover. With no other optics, the protective glass
can be the sole optical medium that stands between the light
sensing element and the outside world. When light arrives at
an interface, five basic processes may occur: absorption,
refraction, reflection, diffraction, and scattering. If the glass
layer 1s perfectly flat, clean and free of defects, light will
only partially reflect at the air-glass interface. However 1n
real devices, especially once the 1mage sensor 1s taken out of
casing, the protective glass will have some defects and
imperfections. As a result, light entering the sensor will
undergo combinations of light-matter interactions including
diffraction, scattering, and refractions resulting i1n space-
variant point-spread functions (SV-PSFs). If carefully cali-
brated, these SV-PSFs can be used in conjunction with
matrix inversion algorithms to turn an 1mage sensor 1nto an
1imaging device.

To calibrate the SV-PSFs, a 32x32 LED array can be
oriented 1n front of the sensor and turn on one LED at a time,
while recording the resulting frame on the sensor. Each
frame 1S concatenated to form a calibration matrix, A. A
general object, X can then be approximated as b=Ax, where
b 1s the sensor data. One example experimental calibration
matrix, A exhibited a condition number of 10,912, which is
the upper bound of the ratio between input change and
output change, which 1s defined below.

|4/
lell/
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k(A) = ma,x[

Ale] _

where K 1s the condition number and ¢ denotes a singular
value. Such a large condition number suggests that the
iverse problem 1s 1ll-posed. Hence, we solve a regularized
linear inverse problem to recover the object, X from the
sensor data, b as:
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#=argmin||Ax—b]|, >0 x||,2,

where argmin refers to the 1.2 minimization. The regu-
larization parameter, o0 controls noise suppression and the
smoothness of the solution, X. Regularization provides
robust reconstruction capability that can withstand reason-
able level of noise. Alternative regularization methods can
also be employed to improve the results and a brief discus-
sion 1s provided later.

In addition, a simple numerical model can be formed
using the above formulation. The relative luminous 1ntensity
of each LED can be used to simulate each point source. The
image sensor measures the intensity profile of the source
projected onto the sensor, which can be calculated given the
angle between the point source and the sensor pixels. In one
example, a 32x32 LED array both as an array of point
sources during calibration and also to form simple objects
for reconstruction. Therefore, we simulated the calibration
matrix, A as the intensity on the sensor from each of the LED
point sources. If no imperfections are assumed, then the
condition number of A becomes very large (~186 million)
and 1mage reconstruction 1s not possible. Thus, the effect of
imperfections can be created by adding space-varying terms
(norm value of 1425 of background) to each frame 1n A so as
to approximately match an experimentally obtained condi-
tion number (11,035 1n one example).

The field of view 1s limited by the acceptance angle of the
sensor, defined approximately as tan~' (h/D), where h is the
vertical distance from the optical axis to the edge of the field,
and D 1s the distance from the sensor to the object plane. In
other words, the closer the sensor 1s to the object, the smaller
the field of view.

In one example, the reconstruction evaluation employs a
calibration matrix. The calibration matrix can be generated
to calibrate the data from the 1mage sensor for use with the
reconstruction evaluation. A different calibration matrix can
be employed to account for distance between the object and
the 1mage sensor. The number of calibration matrices can
determine resolution achieved. For example, four calibration
matrices over a distance of 50 meters can generally provide
lower resolution reconstruction than ten calibration matrices
over the same distance. As a general guideline, from one to
twenty distance based calibration matrices can be used, and
In many cases more than one calibration matrix can be used.
Similarly, the calibration matrix can be formed using infor-
mation across wavelengths (e.g. for color or multispectral
images including IR, UV, etc). Introducing additional wave-
lengths can create a larger calibration matrix (or matrices),
increase computational time, etc but can also increase reso-
lution and reconstructed image information. Furthermore, 1n
many cases the calibration can be done using constant light
intensity as a point source which provides reasonable
results. However, as the point source moves relative to the
sensor, the total signal received can change. Thus, 1n some
cases, the point source light intensity can also be varied to
account for the dynamic light intensity range of the sensor.

In one example, the space-variant point-spread function
results from an interaction of a point source at the object 1n
a field of view of the image sensor.

In one specific example, the 1mage sensor 1s exposed
between 10 ms and 100 ms to the light from the object. In
one specific example, about 100 frames of the light 1s stored.

In one example, the reconstruction evaluation images
lines 1n vertical, horizontal, and diagonal orientations. The
reconstruction evaluation may employ the lines 1n vertical,
horizontal, and diagonal orientations to reconstruct the
image for human consumption.
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Furthermore, reconstruction methods can encompass any
techniques used to solve linear and non-linear 1nverse prob-
lems. In general, the sensor-based imaging system 1is linear
such that the image of a general scene can be treated as the
linear combination of the images formed by point sources
that make up that scene. The decomposition of a scene 1nto
point sources can occur 1 space (2D or 3D) and/or in
wavelength, polarization, mode, coherence, etc. In some
cases, the sensor itself may introduce nonlinearities. In other
cases, the medium between the scene and the sensor may
introduce nonlinearities. In these cases, the mverse problem
can become nonlinear as well. Reconstruction methods
include, but are not limited to, matrix inversion, regularized
matrix inversion, error minimization, least-squares method,
sparse methods, regression techniques, iterative error mini-
mization, iterative techniques, back-propagation techniques,
algebraic techniques, optimal estimation, optimization tech-
niques, etc. Regularization techniques that can be ncorpo-
rated into reconstruction includes, but 1s not limited to,
Tikhonov, Tikhonov with least squares, total variation,
sparse regularizers, nuclear norm, mean constrained, clus-
tered-mean constrained, graph-based, etc.

In another alternative, the raw 1mage data can be analyzed
by applying deep learning on the image data such that the
reconstructed 1mage 1s a pattern recognition of an i1mage
characteristic of the 1mage. For example, the characteristic
can be an 1mage classification (e.g. a person, a face, an
amimal, facial recognition, iris recognition, or the like).
Alternatively, the characteristic can refer to objects of a
specific color, specific shape, objects that run, objects that
roll, roadsigns, whether an object 1s moving or stationary,
etc. Any suitable deep learning technique can be applied and
in one example can be a convolutional neural network. Other
non-limiting examples can include recursive neural net-
works, deep beliel networks, deep stacking networks, neural
history compressors, and the like.

Such deep learning approaches can allow 1dentification of
the 1tmage characteristic such as, but not limited to, color,
facial recognition, motion, and shape. For example, the
analysis can 1dentily a color change of a traffic light to green
or red. Other examples can include, but certainly not limited
to, facial recognition, facial expressions, relative motion of
objects, obstacles, and the like.

In one example, a surface of the 1image sensor 1s engi-
neered with scatterers. The scatterers may be used to
enhance the reconstruction of 1images captured by the image
sensors without image modification elements. The scatterers
can be dust particles, scratches on the cover glass or passi-
vation layer, metal lines on the sensor, mirrors on the cover
glass and/or sensor surface, imperiections, etc. and anything
that can spatially modify the point-spread function across
the sensor surface. The scatterers can generally be non-
continuous across the surface having discrete features (e.g.
as opposed to continuous lenses). As a general rule, almost
any discontinuous or quasi-random pattern can work, as well
as engineered scatterer distributions based on specific appli-
cations.

The medium for the storing the light can be local or
remote to the image sensor. For example, the medium can be
physically connected to the image sensor. Alternatively, the
medium may be located remotely 1n a cloud based comput-
ing structure or separate data processing unit. The recon-
structing the data and the processing the reconstructed image
may occur immediately after the data has been generated or
may be later in time. For example, the data may be captured
and then sent to a remote location for processing. Alterna-
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tively, a plurality of data for several diflerent images may be
generated before any of the data 1s processed to reconstruct

the 1mage.

In one example, the raw 1mage data can be utilized within
a machine learming techmique as previously described.
Machine learning techniques may also be described as deep
learning or artificial intelligence. For example, the system
can input the images into the machine learning algorithms 1n
order to form output, make decisions, or otherwise guide a
system. This technology can be usetful 1n a wide variety of
settings 1ncluding, but certainly not limited to, motion
sensors, seli-driving vehicles, facial recognition, security,
scientific 1maging, action cameras, and other technologies.

The present technology can have many different applica-
tions 1n use. For example, a lenless imaging device may be
used for biometrics such as facial recognition and finger-
printing. The present technology may also be useful in
applications such as driverless cars and robotic sensors.

Example

FIG. 1A 1s a block diagram of a setup 100 of an envi-
ronment for an 1imaging system in accordance with embodi-
ments of the present technology. The setup 100 comprises an
object 110. The object 110 can be any type of object to be
imaged. The object 110 can be an LED matrix set in front of
an 1mage sensor 116. For example, the lights 112 may be
LED lights in the LED matrix that have been turned on and
are emitting light 114. The light 114 1s exposed onto the
image sensor 116 without passing the light 114 through an
image modification device such as a lens. The 1image sensor
116 then generates 1mage data based on the light 114. The
image data can be described as raw 1mage data that 1s not
focused. A display of the image data may depict an image
that 1s not 1n focus or recognizable as the object 110.

The light 114 may pass through a layer such as a dust
cover. Such a layer may be designed to protect the image
sensor 116 from moisture, weather, physical shock, and
other environmental factors. The layer can be transparent
and 1s not designed to focus the light 114 onto the image
sensor 116. FIG. 1B 1s a block diagram of an image
reconstruction 150. FIG. 1B depicts the object 110 with the
lights 112 emitting the light 114. FIG. 1B also depicts the
image sensor 116. FIG. 1B depicts the lights 112 forming a
simple T-shaped pattern displayed on the object 110 which
can be an LED matrix. The image sensor 116 can be
employed to capture an image or image data of the object
110. The mmage data can then be used as input into a
recovery evaluation to reconstruct a scene object 110 as the
subject.

In one specific example, the object 110 1s depicted as a
32x32 RGB LED matnix panel (SparkFun, COM-12584)
controlled via an Arduino board. The LEDs are uniformly
spaced with a gap of 6.1 mm. The total matrix size 1s 19
cmx19 cm. The image sensor 116 1s depicted as the com-
mercially available CMOS color sensor (DFM 22BUCO03-
LM, Imaging Source). However, any suitable image sensor
can be used such as, but not limited to, CCD, CMOS,
sCMOS, emCCD, CIS, backside 1lluminated, quantum sen-
sor, or anything that can record the intensity and/or phase of
light. In one embodiment, the image sensor 116 has 640x480
pixels, each of which 1s a 6 um square. The maximum
supported frame rate of the camera via a USB 2.0 interface
1s 76 frames per second. In one example, the image sensor
116 was placed at a distance 124, D from the object 110. This
may be referred to as the propagation distance that the light
114 travels before impinging upon the image sensor 116.
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The refresh rate of the LED array can be 16 Hz. Frame
averaging can be used to eliminate the effect of this refresh

rate as well as to enhance the signal to noise ratio of the raw
data.

The 1image data generated by the image sensor 116 can be
described as sensor image 120 and may be stored 1n a
medium associated with the image sensor 116. The medium
can be capable of storing digital data and can be associated
with a processor for processing the data. The sensor 1mage
may be displayed as an image of the object 110, but the
1image may not be recognizable as the object 110 because the
image data 1s raw and unfocused. The sensor image 120 may
be operated upon to generate a reconstructed 1image 122. For
example, a processor may be used to analyze or reconstruct
the 1mage data from the sensor 1image 120 using the tech-
niques of the present technology. The reconstructed image
122 depicts a T-shape pattern which 1s a recognizable image
of the T-shaped pattern displayed by the lights 112 of the
object 110.

FIG. 2 1s a schematic illustration of a calibration 200 of
sensor 1mages or 1mage data related to an object. FIG. 2
depicts an object 210 and an 1mage sensor 224 which can
have the same features and capabilities of the object 110 and
the image sensor 116 of FIGS. 1A and 1B. The calibration
200 can be a calibration process that 1s used to calibrate the
image data generated by the image sensor 224. The calibra-
fion can occur before an 1mage 1s reconstructed using the
techniques of the present technology. Furthermore, the cali-
bration can also be varied across wavelengths to obtain
multispectral imaging.

In one example, the object 210 may be a test LED matrix
such as a 16xX16 matrix of LED lights. FIG. 2 depicts the
object 210 with lLights 212, 214, and 216 turned on or
emitting light. For example, the lights 212, 214, and 216
emit light 218, 220, and 222 respectively. The light 218, 220,
and 222 1s exposed onto or impinges on the 1image sensor
224. The light 218, 220, and 222 can be recorded separately.
Lights 212, 214, and 216 can ne described as point sources
for the light 218, 220, and 222 which expands as the distance
from the object 210 increases. The image sensor 224 can be
separated from the object 210 by distance 226.

The 1maging system can be calibrated by recording the
image of each light source that 1s emitting light in the array
on object 210, forming the calibration matrix, A. The
calibration matrix can be the same for the same image
sensor. If the sensor characteristics of the image sensor 224
change, then a new calibration may be done. If a second
sensor 1S the same model with common specifications as
compared to the i1mage sensor 224, then the calibration
matrix may also be the same for the second sensor. In one
example, 100 frames were averaged for each light 218, 220,
and 222. During calibration, extraneous light may be mini-
mized. When an arbitrary pattern 1s displayed on the LED
matrix, the resulting sensor image 1s a linear combination of
the images formed by the individual LEDs (elements of the
calibration matrix, A). The system can be described as
Equation 1:

b=Ax

(1)

where X 1s the object, and b 1s the sensor image. Hence,
a regularized linear 1nverse problem can be solved to recover
the object x from the sensor data b, as formulated 1in
Equation 2:

(2)

argmin||Ax — b||5 + o&?||x||3

X

X
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where argmin refers to the 1.2 minimization. The regu-
larization parameter, a controls noise suppression and the
smoothness of the solution, X. Notably, the inverse problem
can also be solved using other technique such as, but not
limited to, direct-binary search, genetic algorithms, particle-
swarm algorithm, linear algebra, and combinations of vari-
ous algorithms to solve this problem.

An LED matrix of the object 210 may have only one color
of LEDs for calibrating. However, the technique 1s easily
extended to all colors. During calibration, exposure time
may be between 10 ms and 100 ms to ensure that the sensor
pixels on the 1image sensor 224 are not saturated. For each
image, 100 frames may be averaged.

FIG. 3 1llustrating a chart 300 depicting objects that have
image data captured by an imaging sensor. Column 302
depicts objects patterns that are displayed using an LED
matrix array. Column 304 depicts raw sensor images which
1s the unfocused data collected or generated by the 1mage
sensor from light emitted by the objects in column 302.
Column 306 depicts a reconstructed 1mage using techniques
of the present technology applied to the image data that 1s
depicted 1n column 304. The reconstructed 1mages 1n col-
umn 306 may be recognizable as an image or depiction of
the objects mn column 302. Column 308 depicts recon-
structed 1images after thresholding techniques are applied to
the 1mages 1n column 306. The thresholding techniques are
employed to further focus 1image of the object.

In one example, using these techniques, video 1maging
can be performed. The reconstruction process, including all
necessary image processing, can take less than 10 ms per
frame using a standard desktop computing system (e.g. PC
Intel Core 17-4790, 32 GB memory). In one example, the
frame rate was limited by averaging of 100 frames, which
can take 1 to 10 seconds.

The distance D that the object 1s from the image sensor
may be a parameter that affects performance. Therefore, a
systematic analysis can be performed by repeating the
calibration at various values for D (85 mum, 165 mm, 242
mm, 343 mm and 497 mm). For each value of D, a separate
calibration can be performed and used to update the matrix,
A accordingly.

In one example, the field of view was estimated by
determining the largest object that could be reconstructed.
Objects with up to 32 LEDs 1n the horizontal direction and
30 LEDs 1n the vertical direction can be recovered. In one
example, the only post-processing methods applied may be
binary thresholding, and the use of the regularization param-
eter, a.

FIG. 4 illustrates reconstruction at various distances 400.
The reconstructed 1images obtained at various distances, D.
For example, FIG. 4 depicts five distances of the object at 85
mm, 165 mm, 242 mm, 343 mm, and 497 mm. The same
object was 1maged and reconstructed at the five distances,
and the reconstruction results (with no post-processing) are
shown 1n FIG. 4. Enhancement 1n LED discrimination may
be a function of increasing distance and can be used to
improve 1image reconstruction. For the largest value of D, it
was observed that the quality of the reconstruction decreased
slightly. The decrease in quality may be due to the reduction
of signal to noise ratio 1n the recorded 1mage.

FIG. 5 illustrates line test results 500 where length of a
line object was 1maged at various distances, D 1n the
horizontal, vertical and diagonal directions. Insets show
reconstructed 1images of diagonal lines captured at the D=85,
162, and 242 mm. The imaged lines were oriented 1n the
vertical, horizontal, and diagonal directions at the various
sensor-matrix distances to access the effect of distance on
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the field of view and reconstruction quality. The results are
summarized 1n FIG. 5. Reconstruction of vertical lines was
less than those of the horizontal lines at all distances. FIG.
5 depicts all LEDs 1n the matrix for the object being captured
were casily reconstructed in the vertical direction at all
distances. Not all LEDs were reconstructed properly 1n the
horizontal direction. This asymmetry 1s attributed to the
geometry of the sensor used to generate the data for FIG. 5.
The sensor used to generate FIG. 5 had 640 pixels 1n the
vertical direction compared to 480 in the horizontal direc-
tion. Longer diagonal lines were reconstructed at larger
values of D as indicated by the inset images 1in FIG. 5.

FIG. 6 1llustrates a singular-value-decay plot 600 of the
calibration matrix, A captured at various values of D. The
singular-value-decay plot was generated for the calibration
matrix, A at each value of D. This plot 1s an indication of
how 1ll-posed the mverse problem 1s. Note that the singular-
value-decay plot 1s computed from the same calibration
dataset used to reconstruct the images. This plot shown 1n
FIG. 6 shows that at D=85 mm, the singular values decay
most quickly.

FIG. 7 1llustrates coetlicient maps with the correlation
matrix among the calibration 1mages for D=343 mm along
the horizontal, vertical and diagonal directions. Another way
to estimate the difliculty of image reconstruction i1s by
analyzing the correlation coeflicient map. Each element 1n
the correlation matrix 1s the Paterson correlation coeflicient
between two calibration 1mages, indicated by the vertical
and horizontal indices. The horizontal matrix 1s created
using a set o 32 LEDs along the horizontal line 1n the center.
Vertical and diagonal matrices are created in the same
manner. The correlation values of two sampled calibration
images 1n any direction are always notably lower than 1,
indicating that no two 1mages within the calibration database
are closely resembling each other. In addition to providing
an 1nsight as to how the reconstruction performs at varying
D, the aforementioned analysis implies the possibilities for
computational refocusing and reconstruction of 3D infor-
mation. Given the collection of calibration database at
multiple object distances, the same linear decomposition
process used here can be applied to uncover the 3D spatial
information of the scene.

FIG. 8 1illustrates images 800 including a detailed image
of one LED located at the top-left corner which shows three
defects on the sensor. The defects may be due to dust
particles. The defects are indicated by square outlines 802,
804, and 806. The region marked with the square outline 802
1s shown 1n the bottom for diflerent LEDs, clearly indicating
a shift of the “defect” pattern.

For different locations of LED to be discerned by the
computational process, there may be a distinct feature 1n the
image that uniquely differentiates each calibration image
from another. In this experiment, locations on the sensor
were observed where a small dust particle 1s casting a
shadow onto the sensor. Therefore, the intensity pattern on
the sensor shifts with the location of the LED. In FIG. 8, one
clement of the calibration matrix (the image of one LED at
the top-left corner of the LED matrix) 1s shown. In this
frame, several patterns were likely created by dust particles
(indicated by the square outlines). Observing the region
denoted by the red square for various such frames, 1t can be
seen that the pattern shifts with the position of the LED 1n
the matrix (bottom row). The 1mage reconstruction appears
to be successiul because of a combination of such random
patterns that are inherent on the CMOS sensor and the
variation of intensity introduced by the different optical path
lengths followed by light from the different LEDs to the
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sensor. It 1s important to note that scatterers can be directly
engineered onto the sensor to enhance such reconstructions
in the future. Such techniques can be extended to non-
imaging computational problems including inference using
deep learning and related evaluations.

Deep learning may also be described as machine learning
or artificial intelligence where pattern recognition and other
techniques are used by a computer system to make deci-
sions. Non-limiting examples of deep learning techniques
can include convolutional neural networks, Bayesian tech-
niques, (Gaussian process regression, and the like. For
example, with deep learning, the 1images do not need to be
reconstructed, but deep learning algorithms can be applied
directly onto the raw sensor data to make intelligent deci-
sions. For example, by looking at the raw data, an algorithm
can distinguish the color of a traffic signal. Thus, the raw
sensor data can be directly processed using these complex
algorithms for decision making. This approach can also save
computational time and power consumption compared to
processing 1images from normal cameras. The present tech-
nology may be described as a lensless imaging device. The
lensless 1maging device may be combined with deep learn-
ing to perform functions or operations such as facial recog-
nition, motion detection, biometrics, a seli-driving car,
machine vision, etc. The lensless camera may be combined
with other technologies such as a robot or a vehicle.

The present technology demonstrates that lensless pho-
tography 1s possible with only an 1mage sensor. This 1s
achieved via the numerical solution of an inverse problem
assuming incoherence of the object and linearity of the
image-formation process. The technique 1s applied to both
still-frame and video 1imaging. By calibrating the system at
various planes (e.g. distances from the sensor), 1t 1s shown
that 1t 1s possible to numerically refocus and achieve quasi-
3D imaging as well. In other words, the only-sensor camera
1s always 1n focus (within limits of SNR). The technique 1s
readily extended to color imaging by replacing the mono-
chromatic sensor with a color sensor.

FIG. 9 depicts an exemplary system 900 upon which
embodiments of the present disclosure may be implemented.
For example, the system of FIG. 9 may be a computer
system or a component of an 1maging system. The system
can 1include a memory controller 902, a plurality of memory
904, a processor 906, and circuitry 908. The circuitry can be
configured to analyze image data from an 1image sensor 916
and reconstruct an image as described herein. Various
embodiments of such systems for FIG. 9 can include smart
phones, laptop computers, handheld and tablet devices, CPU
systems, server systems, networking systems, storage sys-
tems, high capacity memory systems, or any other compu-
tational system.

The system can also include an I/O (input/output) inter-
tace 910 for controlling the I/O functions of the system, as
well as for I/O connectivity to devices outside of the system.
A network iterface can also be included for network
connectivity, either as a separate interface or as part of the
I/O interface 910. The network 1nterface can control network
communications both within the system and outside of the
system. The network interface can include a wired interface,
a wireless interface, a Bluetooth interface, optical interface,
and the like, including appropriate combinations thereof.
Furthermore, the system can additionally include various
user 1nterfaces, display devices, as well as various other
components that would be beneficial for such a system.

The system can also include memory in addition to
memory 904 that can include any device, combination of
devices, circuitry, and the like that 1s capable of storing,
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accessing, organizing and/or retrieving data. Non-limiting
examples include SANs (Storage Area Network), cloud
storage networks, volatile or non-volatile RAM, phase
change memory, optical media, hard-drive type media, and
the like, including combinations thereof.

The processor 906 can be a single or multiple processors,
and the memory can be a single or multiple memories. The
local communication interface can be used as a pathway to
facilitate communication between any of a single processor,
multiple processors, a single memory, multiple memories,
the various iterfaces, and the like, 1n any useful combina-
tion.

The system can also include a user interface 912 a
graphical user interface for interacting with the user. The
system can also include a display screen 914 for displaying
images and the user interface 912. The system can also
include the image sensor 916 for being exposed to light from
an object. The 1image sensor 916 may be physically coupled
to the system or may be physically remote from the system.

The foregoing detailed description describes the invention
with reference to specific exemplary embodiments. How-
ever, 1t will be appreciated that various modifications and
changes can be made without departing from the scope of
the present invention as set forth 1 the appended claims. The
detailed description and accompanying drawings are to be
regarded as merely illustrative, rather than as restrictive, and
all such modifications or changes, if any, are intended to fall
within the scope of the present invention as described and set
forth herein.

What 1s claimed 1s:

1. A method for imaging an object, comprising:

exposing an 1mage sensor to light from an object without

passing the light through an 1mage modification ele-
ment,

recording light imntensity from the light 1n a single capture

and storing the light intensity as image data in a
medium; and

reconstructing the image data as a reconstructed image of

the object, wherein the reconstructed image 1s a
focused 1image of the object, and wherein the recon-
structed 1mage 1s a two-dimensional or three-dimen-
stonal 1mage, wherein the reconstructing includes
reconstructing the image data such that the recon-
structed 1mage 1s based on a reconstruction evaluation
of the data combined with a space-variant point-spread
function.

2. The method of claim 1, wherein the 1image sensor 1s a
complementary metal-oxide-semiconductor (CMOS).

3. The method of claim 1, wherein the method further
comprises processing the reconstructed 1mage at the proces-
sor with binary thresholding to form an 1mage of the object.

4. The method of claim 1, wherein the reconstruction
evaluation for the reconstructed 1mage employs a calibration
matrix.

5. The method of claim 4, wherein the calibration matrix
includes at least one of varied wavelength data, varied light
intensity, and varied distance.

6. The method of claim 1, wherein the reconstructing
includes applying deep learning on the image data such that
the reconstructed 1mage 1s a pattern recognition of an 1image
characteristic of the image, wherein the image characteristic
1s at least one of color, facial recognition, motion, and shape.

7. The method of claim 1, wherein the exposing the light

from the object at the 1mage sensor 1s between 10 ms and
100 ms.
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8. The method of claim 1, wherein a surface of the image
sensor 1s engineered with scatterers.

9. The method of claim 1, wherein the medium for the
storing the light 1s local to the image sensor.

10. The method of claim 1, wherein the medium for the
storing the light 1s remote to the 1mage sensor.

11. The method of claim 1, wherein the 1mage modifica-
tion element 1s a lens or an aperture.

12. The method of claim 1, wherein the light does not
originate from a light source associated with the image
SENSOr.

13. The method of claim 1, wherein the light 1s not
coherent light.

14. The method of claim 1, wherein a distance between
the object and the image sensor has a range of 85 to 497
millimeters.

15. A lensless imaging system for imaging an object,
comprising;

an 1mage sensor configured to be exposed to light from an
object without passing the light through an image
modification element;

a medium configured to record light intensity from the
light 1n a single capture and store the light intensity as
image data; and

a processor configured to:
reconstructing the image data as a reconstructed 1image

ol the object, wherein the reconstructed 1image 1s a
focused 1mage of the object, and wherein the recon-
structed 1mage 1s a two-dimensional or three-dimen-
sional 1mage, wherein the reconstructed image 1is
based on a reconstruction evaluation of the data
combined with a space-variant point-spread func-
tion.

16. The imaging system of claim 15, wherein the proces-

sor 1s Turther configured to process the reconstructed image
at the processor with binary thresholding to form an image
of the object.

17. The imaging system of claim 135, wherein the recon-
struction evaluation for the reconstructed image employs a
calibration matrix.

18. The imaging system of claim 15, wherein a different
calibration matrix 1s employed for each distance between the
object and the 1mage sensor.

19. The imaging system of claim 15, wherein the recon-
structing includes applying deep learning on the image data
such that the reconstructed image 1s a pattern recognition of
an 1mage characteristic of the image, wherein the image
characteristic 1s at least one of color, facial recognition,
motion, and shape.

20. The imaging system of claim 15, wherein the image
sensor 15 a complementary metal-oxide-semiconductor
(CMOS).

21. The imaging system of claim 15, wherein a surface of
the 1mage sensor 1s engineered with scatterers.

22. The imaging system of claim 15, wherein the medium
1s local to the 1mage sensor.

23. The imaging system of claim 15, wherein a surface of
the 1image sensor 1s covered with a coating that 1s at least
partially transparent to the light and the coating does not
focus the light onto the 1mage sensor.

24. The imaging system of claim 15, wherein the image
modification element 1s a lens or an aperture.
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